A two-element, patch antenna with a single feed is presented to achieve wideband, circular polarization, and uni-directional radiation. The driven element of the antenna has a rotated, corner-truncated radiating patch to achieve circularly polarized radiation with an offset microstrip feedline in the front side. The back side of the driven element comprises a wide hexagonal slot, eight meander tips, and a parasitic patch in the center. A circular reflector is added behind the driven element to increase realized gain toward the front side direction of the driven element. A prototype of the antenna is fabricated for validation. In both simulation and measurement, the 3-dB axial ratio bandwidth is fully included in the −10-dB impedance bandwidth. In measurement, the proposed antenna has a −10-dB impedance bandwidth of 83% (1.58 GHz -3.83 GHz), and a 3-dB axial ratio bandwidth of 49% (1.99 GHz -3.27 GHz). Within the common band, the average realized gain is 6.1 dBic, and the peak realized gain is 8.6 dBic toward the front side direction of the antenna. The electrical size of the antenna is a kr of 1.69.
I. INTRODUCTION
Microstrip antennas are a popular choice when low-profile, inexpensive, limited volume, and light weight physical design characteristics are sought after. To utilize these physical benefits, much research has been conducted to improve various electromagnetic characteristics of the microstrip patch antenna. Specifically, improving bandwidth, generating circular polarization (CP), and achieving a directive radiation pattern in a compact form have been the target.
Wideband performance allows a multitude of frequency bands to be covered by a single antenna. A rotated wide-slot antenna fed by a microstrip is a good candidate for wideband design [1] . To further increase the bandwidth, a second resonance, which combines with the original wide-slot antenna bandwidth, can be generated by a parasitic center patch [2] .
CP provides greater mobility, less multipath interference, and freedom in the orientation angle between a transmitter and receiver compared to linear polarization (LP). A key metric of CP antennas is the common bandwidth (CBW) between the −10-dB impedance bandwidth (IBW) and the 3-dB axial ratio bandwidth (ARBW). The ARBW is often the limiting The associate editor coordinating the review of this manuscript and approving it for publication was Giorgio Montisci .
factor to the CBW. In [3] , a circular stacked patch antenna using different truncation lengths is introduced to achieve CP. While the achieved −10-dB IBW is 64%, the CBW is 10% since the CBW is limited by the 3-dB ARBW. In [4] , a patch antenna suspended above a ground plane generates a −10-dB IBW of 23%, and a comparable 3-dB ARBW, which leads to a CBW of 19%. The improved CBW is achieved through perturbation of the patch to form an H-shape, and a diagonally oriented monopole placed between the H-shaped patch and ground plane. Recently, a wideband, circularly polarized antenna with a 3-dB ARBW (64%) exceeding the −10-dB IBW (63%) is reported using a three layered structure including a L-shaped slot, feedline with matching circuit, and rotated parasitic patches located above the slot [5] .
A directive radiation pattern, paired with CP, is highly pertinent to long range wireless communication systems such as mobile satellite communication, and global positioning systems. Typically, an improved realized gain can be achieved through a large antenna size, or the addition of parasitic elements. A CP microstrip patch antenna is designed by loading shorting pins between the reflector and radiating patch to increase the realized gain [6] . This method increases the realized gain to 10.3 dBic with a CBW of 1% and an electrical size, kr (k is the wave number, and r is the smallest radius of VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ an antenna encompassing sphere [7] , [8] ), of 5.62. A CP, half E-shaped patch antenna generates a peak realized gain greater than 7.5 dBic through the use of parasitic elements [9] . The CBW of this antenna is 9% and the electrical size, kr, is 2.01. In [10] , a single layer CP antenna features a peak realized gain of 11.1 dBic through the use of a parasitic coplanar spiral strip circling a magneto-electric dipole antenna. The antenna has an electrical size, kr, of 6.85, and a CBW of 32%. Electrically small (kr < 1), CP, directive antennas are also reported [11] , [12] . However, The CBW of these antennas are narrow since the bandwidth is bounded by a theoretical limit as the antenna size decreases [7] , [8] , [13] .
In this paper, a novel wideband, CP, directive, two-element antenna is introduced with a truncated radiating patch fed by a microstrip line, a hexagonal wide-slot with meander tips, and a circular reflector. The hexagonal wide-slot with meander tips and near identical parasitic patch in the center of the back side of the driven element are employed to obtain a wide −10-dB IBW. The length and width of the microstrip feedline are selected to match with 50-characteristic impedance effectively. Multiple truncations [14] , and offset length of the microstrip feedline are primarily responsible for CP radiation. Finally, realized gain is increased by a circular reflector. All simulations are performed using CST Microwave Studio. A prototype antenna is fabricated using a LPKF milling machine. The antenna is measured in an anechoic chamber using an Agilent E5063A network analyzer.
II. PROPOSED ANTENNA
In this section the initial design hierarchy is provided to communicate the logical design steps used to reach the proposed antenna, followed by a description of the proposed antenna features, four parametric studies to determine the impact each of these parameters have on the −10-dB IBW and the 3-dB ARBW to the front side direction (+z) of the antenna, and an analysis of the surface current at the lower and upper bounds of the simulated CBW. Since the circular reflector's primary role is to increase the realized gain, an analysis regarding the realized gain to the front side direction (+z) of the antenna is included for the reflector spacing parametric study.
A. INITIAL DESIGN HIERARCHY
A theoretical analysis of the design procedure can be explained through Figure 1 , the initial design hierarchy. Provided in Figure 1 is the initial structure Figure 1 (a), and five subsequent iterations of minimal variance, up to the iteration before the proposed design, Figure 1 (f). Each subsequent iteration includes logical changes to the antenna structure, which beneficially target specific performance characteristics. Note that a reflector is not used in Figure 1 The design in Figure 1 (a) is the most basic iteration, featuring a rotated slot on the back side, and an offset microstrip feedline on the front side. Figure 1 (a) is designed to include 2.4 GHz initially in the −10-dB IBW. Figure 1 (a) generates a LP radiation pattern. Second, a parasitic patch is added in the center of the rotated slot on the back side seen in Figure 1 Figure 1 (b) is similar to the antenna found in [2] . The purpose of adding the parasitic patch in the center of the rotated slot is to improve the impedance matching of the antenna, and to provide another shorter path for current as shown by the extended −10-dB IBW in Figure 2 At this iteration, the axial ratio (AR) is briefly reduced to below 10 dB at the lower band as shown in Figure 2 (b). Next, a truncated radiating patch with the center removed is added to the top of the feedline on the front side, and a square reflector is placed in the back side direction (−z) as viewable in Figure 1(d) . The purpose of the front side radiating patch with the center removed is to improve the −10-dB IBW and 3-dB ARBW at higher frequencies by generating an additional resonance. The AR is again altered. Seen in Figure 2 the AR band above 2.8 GHz has dips that did not occur from iteration Figure 1 (c). The directivity is improved with the addition of the reflector and forces the antenna to produce a uni-directional radiation pattern. Subsequently, the design in Figure 1 features meander tips and a smaller parasitic patch. The parasitic patch is reduced in size to fit the meander tips and improve the upper band of the −10-dB IBW. Additionally, the −10-dB IBW is improved at the lower end due to the longer current path provided by the meander tips. The 3-dB ARBW becomes prevalent at this iteration, and ranges from 2.1 GHz to 3.1 GHz. Finally, in Figure 1 (f) the square reflector seen in the previous iteration is replaced with a circular reflector. The primary reason for the circular reflector to make the electrical size of the antenna as small as possible. The −10-dB IBW and the 3-dB ARBW are unaffected by the change in reflector geometry.
B. ANTENNA FEATURES
The structure of the proposed wideband, CP, directive antenna is depicted in Figure 3 . The proposed antenna consists of two elements; a driven microstrip patch element, and a circular reflector element. The driven element is octagonal in shape with 27 mm, a, and 22 mm, b, side lengths. The octagonal shape of the driven element is adopted to miniaturize the overall size of the antenna, as well as to increase the 3-dB ARBW. VOLUME 7, 2019 The front side of the driven element features a rotated, corner-truncated radiating patch with an inner slot of a similar shape subtracted. This subtraction is implemented to extend the current path past the microstrip feedline for wideband operation, allowing a longer current path for lower frequency resonance, and a shorter path for higher frequency resonance. The front side of the driven element also utilizes an off-center microstrip feedline. Only a single feed is utilized to keep the feeding structure simple. The feed line shift toward the +x direction, r, and feed line width, g, are chosen to be 3 mm and 2 mm respectively, to maximize the −10-dB IBW and the 3-dB ARBW. The feedline offset forces the y-polarized electric field coupled from the feedline to decompose into two orthogonal components in the radiating patch. A detailed parametric studies about r and g are discussed in Section II-C.
The back side of the driven element is composed of a wide hexagonal slot inset with eight meander tips, and a parasitic patch. The eight meander tips, split evenly between two sides of the wide hexagonal slot, increase the electrical length of the sidelines, thus improving the lower band of the −10-dB IBW. The length, i, and width, m, of the meander tip are chosen to be 9 mm and 2 mm, respectively. The parasitic patch in the center of the wide hexagonal slot is the same hexagonal shape as the radiating patch on the front side, but is reduced in size. The parasitic patch is included to improve impedance matching as well as the the upper band of the 3-dB ARBW [14] .
Finally, a circular reflector element is added behind the driven element to reflect the back side radiation, and consequently increase the realized gain to the front side direction (+z) of the antenna. The circular shape of the reflector, in comparison to a square shape reflector or large-sized frequency selective surface reflector, is used to minimize the electrical size of the proposed antenna. The distance between the circular reflector and the driven element, o, is set to 39 mm (0.260λ L ) to have a near optimal spacing for a reflector, where λ L is calculated at 1.99 GHz, the lowest frequency of the measured CBW that will be discussed in Section III. The proposed antenna has an electrical size, kr, of 1.69 and a physical (electrical) volume of 78 mm (0.517λ L ) × 78 mm (0.517λ L ) × 40 mm (0.265λ L ). The lowest frequency in the CBW is used to calculate the electrical volume because the lowest frequency (maximum wavelength) is the dominant factor in determining the physical size of the antenna.
C. PARAMETRIC STUDY
To evaluate the effect of feed line width, g, meander tip length, i, meander tip width, m, reflector spacing, o, and feedline offset, r, parametric studies are performed. The parametric study is provided to show the effects that these presented parameters have on the −10-dB IBW and 3-dB ARBW. For a fair comparison, all parameters other than the one under test are held constant according to the values seen in Figure 3 . For each study the best value, in regard to the goal, is represented by the solid black curve. Feed line width, g, is first tested at 1 mm, and then increased by 1 mm until 4 mm. The second value tested, 2 mm, proves to be ideal for both the −10-dB IBW and the 3-dB ARBW as seen in Figures 4(a) and (b) respectively. When g is set to 2 mm, the upper band of the −10-dB IBW is extended due to a closer matching to 50-characteristic impedance. When g is set to 1 mm, the resistance is too high at both the lower and upper bands. Only when g is set to 2 mm does the ARBW remain below 3 dB for a span approaching the −10-dB IBW.
The length, i, and width, m, of the meander tips on the back side of the antenna are studied. A change in the length of the meander tips are observed, starting with 7 mm, and then incremented by 2 mm until 11 mm. The best value found for i is 9 mm. In addition to being set to 2 mm from the study performed on i, m is tested at 1 mm and 3 mm. The best value of m is 2 mm. The most notable change seen in Figures 5(a) and (b) is to the lower band of the −10-dB IBW. When the length of both i and m increases the lower −10-dB IBW becomes more prominent. Additionally, the 3-dB ARBW is only wideband for the best values of i and m.
The distance between the circular reflector and the driven element, o, is first tested at 19 mm, and then stepped up by 10 mm until 49 mm. At a reflector spacing, o, of 19 mm the lower band of the −10-dB IBW is negatively affected as seen in Figure 6 (a). The negative effects at the lower band occur because the closer spacing relates to quarter wavelength spacing at a higher frequency. A reflector spacing, o, of 29 mm creates an improvement in the lower −10-dB IBW due to the reflector being closer to a reflector spacing of quarter wavelength. The best value, 39 mm, found for spacing between the driver and parasitic reflector for the proposed antenna is similar to that of a conventional Yagi antenna, in which spacing between elements is near optimal at quarter wavelength [15] . When the reflector spacing, o, is set to 49 mm the −10-dB IBW is relatively unaffected compared to 39 mm, but the resonance at the upper −10-dB IBW is not as deep. Following the same pattern, closer reflector spacing resulting in higher frequency activation, the 3-dB ARBW can be explained as seen in Figure 6(b) . At 19 mm, AR drops below 3 dB only at higher frequencies. Also, when the reflector spacing is 19 mm, lower frequencies such as 2.09 GHz produce a surface current on the driver that is too unbalanced with more than just the orthogonal current pairs required to generate CP radiation. At a reflector spacing, o, of 29 mm, the AR has additional drops at lower frequencies compared to 19 mm. For the best value for reflector spacing, 39 mm, the AR remains below 3-dB for an extended period. At a reflector spacing, o, of 49 mm, the AR rises above 3-dB at higher frequencies. Since the reflector's primary function is to increase the realized gain, the realized gain vs. frequency is also presented for the reflector spacing parametric study in Figure 6 (c) for the four reflector spacings. The vertical lines represent the lower (2.09 GHz) and upper (3.25 GHz) bounds of the simulated CBW, which is the region of focus for the realized gain in this parameter study. A reflector spacing, o, of 39 mm is around a quarter wavelength of 2.09 GHz, the lowest frequency of the simulated CBW. Comparing the realized gain of the lower group (19 mm and 29 mm) to the realized gain of the proposed antenna (39 mm), it is noticeable that the realized gain is lower at lower frequencies and higher at higher frequencies. This increase of realized gain at higher frequencies of the CBW is because those lower group distances gets closer to a quarter wavelength of higher frequencies. Conversely, the realized gain of the higher group (49 mm) is noticeably higher than the realized gain of the proposed antenna (39 mm) at lower frequencies, but lower at higher frequencies of the CBW. It is because 49 mm is matched to a quarter wavelength of frequencies lower than 2.09 GHz.
Feed position, r, alters the offset of the feed in the +x direction. The initial value tested, 0 mm, places the feed at the center position. The feed is then shifted by 1 mm increments until 4 mm. Both the −10-dB IBW and 3-dB ARBW are impacted by a change in r which can be seen in Figures 7(a) and (b) respectively. The best value is produced when r is set to 3 mm. When the feed position is set to the values tested below 3 mm, the lower −10-dB impedance band does not match well with 50-characteristic impedance as the input resistance is too large. Additionally, the upper −10-dB impedance band does not match well for 0 mm, 1 mm, and 2 mm values of r due to increased resistance and inductance compared to 3 mm. When r is set to 4 mm it matches well at the lower band, but rises above the −10-dB threshold at around 2.7 GHz due to a more drastic increase in inductance compared to 3 mm. The 3-dB ARBW enters the lower band at the same frequency, but only when r is set to 3 mm does the ARBW remain under 3-dB for an extended period.
The side length of the parasitic patch on the back side of the antenna, j, is also tested in the order of 4 mm, 5 mm, 6 mm, 7 mm, and 8 mm. Although the best value is found to be 6 mm, adjusting j only exhibits minimal change in the upper band of the −10-dB IBW and the 3-dB ARBW. Therefore, the effect that j has on the −10-dB IBW and 3-dB ARBW is not sensitive with changes of up to ±2 mm.
D. SURFACE CURRENT
The surface current distributions of the front side and the back side of the proposed antenna viewed from the front side (+z) at the lowest and highest bounds of the simulated CBW, 2.09 GHz and 3.25 GHz, are displayed in Figure 8 . The phase at each frequency is shifted by 90 • increments starting at 80 • to best demonstrate the properties of the proposed antenna. The substrate is hidden so that both the current on the front side of the antenna, the radiating patch and shifted feedline, and the back side of the antenna can be seen from the front side (+z) view. The strongest areas of current on the back side of the proposed antenna are circled for importance, and the direction of current is emphasized by the arrows. The reflector is not shown in the current study due to negligible current strength. The surface current on the reflector at both 2.09 GHz and 3.25 GHz are less than 0.5 (A/m). At 2.09 GHz the proposed antenna shows strong current on both the inside and outside of the back side of the antenna seen in Figure 8(a) . At 2.09 GHz, the back side features two clear concentrations of strong current. Surface current captured at a 90 • phase shift, for example 80 • and 170 • , demonstrate orthogonal current patterns which are required for CP radiation. The feed is located at the bottom of the feedline, therefore the current is stronger near the bottom of the antenna. The surface current on the front side extends a path length relative to frequency. The lower the frequency, the further the current path travels along the feedline and radiating patch.
When observed at the highest bound of the simulated CBW, 3.25 GHz, the proposed antenna generates strong current concentrations in four areas on the back side of the antenna seen in Figure 8(b) . At 3.25 GHz the strong current flowing on the left and right side of the proposed antenna are not entirely symmetrical for all phases. This current imbalance results in a slanted radiation pattern at higher frequencies.
III. SIMULATION AND EXPERIMENTAL RESULTS
The copper features on the driven element are milled from the top and bottom layers of a commercially available, doublesided FR4 substrate with a permittivity of 4.4 and a loss tangent of 0.02. The thickness of the FR4 substrate is 1.6 mm. A Pyralux copper sheet is cut to create the reflector. The fabricated antenna is shown in Figure 9 . Figure 10 shows the simulated and measured S 11 curve of the antenna. The simulated −10-dB IBW is 89% (1.49 GHz -3.88 GHz), and the measured −10-dB IBW is 83% (1.58 GHz -3.83 GHz). The 3-dB ARBW in the front side direction (+z) of the antenna is depicted in Figure 11 . In simulation, the antenna has a 3-dB ARBW of 44% (2.09 GHz -3.25 GHz), and in measurement the antenna has a 3-dB ARBW of 49% (1.99 GHz -3.27 GHz). Measurement results for both the −10-dB IBW and the 3-dB ARBW show good agreement with simulated ones. The CBW is calculated from the smallest overlapped band between −10-dB IBW and 3-dB ARBW. For the proposed antenna, the CBW is equivalent to Simulated and measured realized gain patterns are presented in Figure 12 at the 25th (2.38 GHz), 50th (2.67 GHz) and 75th (2.96 GHz) percentile of the simulated CBW. Measured results agree well with simulated ones at all three frequencies in both the xz plane and yz plane. The 3-dB beamwidth of the antenna is observed to be greater than 67 • for both the xz plane and yz plane at all frequencies.
The antenna is directive toward +z direction, and the frontto-back ratio is more than 5 dB in both simulation and measurement. As agrees with the surface current analysis in Section II-D, the radiation patterns tilt as frequency increases due to unbalanced current. While the radiation is titled, the realized gain toward the +z direction is still over 5 dBic. Note that the sense of the proposed antenna is right handed (RH) towards the front side direction (+z) of the antenna. Since the radiation pattern of the antenna is directive toward the front side direction (+z) of the antenna, the back side (−z) LHCP radiation is negligible (less than 0 dBic in simulation). Figure 13 shows the simulated and measured realized gain vs. frequency toward the front side direction (+z) of the antenna. In simulation, the average realized gain is 6.4 dBic in the simulated CBW (2.09 -3.25 GHz), with a peak realized gain of 9.2 dBic at 2.18 GHz. The measurement results in an average realized gain of more than 6.1 dBic in the CBW (1.99 GHz -3.27 GHz), and a peak realized gain of 8.6 dBic at 2.20 GHz. The agreement between simulation and measurement is good. Table 1 provides a comprehensive comparison of measurement results between the proposed antenna and previously reported work relating to CP antennas. This comparison includes the lowest frequency of the CBW, overall volume, electrical size, −10-dB IBW, 3-dB ARBW, CBW, peak realized gain, and Figure of Merit. As seen in Table 1 , the −10-dB IBW is wider than the 3-dB ARBW in the majority of CP antennas. Using the data found in Table 1 , the rightmost column of Table 1 Table 1 , not including the proposed antenna, is 0.63. For additional comparison, the Figure of Merit of a conventional CP corner truncated patch antenna is 0.03 with a maximum CBW of 2% [14] , peak realized gain of 2.3 dBic, and electrical size of 1.7.
IV. CONCLUSION
A two-element antenna is introduced to increase the CBW between the −10-dB IBW and 3-dB ARBW, to enhance the realized gain, and to minimize the electrical size simultaneously. In the driven element, the front side radiating patch, back side hexagonal slot with meander tips, and parasitic patch of similar shape in the center of the back side of the driven element are designed to generate multiple resonances.
A circular-shaped reflector is added to increase the realized gain. The proposed antenna exhibits a measured CBW of 49% with a frequency range of 1.99 GHz to 3.27 GHz (−10-dB IBW of 83% with a frequency range of 1.58 GHz to 3.83 GHz and 3-dB ARBW of 49% with a frequency range of 1.99 GHz to 3.27 GHz). Also in measurement, the proposed antenna produces an average realized gain of about 6.1 dBic in the CBW and peak realized gain of 8.6 dBic toward the front side direction (+z) of the antenna. The electrical size of the antenna, kr, is 1.69. With a compact size, the proposed wideband, directive, CP antenna has promising potential for future generation wireless communication systems with multi-functional capability.
